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Background: In adults performing forceful expiratory maneuvers, the length of post-
inspiratory pause prior to forced expiration may influence the subsequently measured peak
expiratory flow (PEF) and increase its variability. We investigated the effects of two
different lengths of breath-hold at total lung capacity (TLC) on the short-term
reproducibility of PEF in healthy volunteers.
Methods: Forty-six healthy volunteers (age 34.678.5; 23 men) performed a series of
maximal forceful expirations in two different test sessions, separated by approximately 2
weeks. In each test-session, PEF was measured with two different types of maneuvers. One
maneuver (P) included a brief (o2 s) post-inspiratory pause at TLC prior to forced
expiration, whereas the second maneuver (NP) included no pause at TLC. The speed of
inspiration to TLC was fast and similar for both maneuvers. In a given test session, all
volunteers performed four efforts for each type of maneuver. The highest PEF for each
maneuver was used for analysis. The Bland–Altman statistical analysis was used to
determine inter-session reproducibility of PEF.
Results: Within-maneuver analysis of the between-test session reproducibility of PEF
showed that neither maneuver systematically biased the measured PEF (mean difference
0.02 L/s for the P and 0.17 L/s for the NP maneuver). Inter-maneuver between-test session
analysis similarly showed that neither maneuver introduced a systematic bias in the
maximal PEF (mean difference ranged from 0.15 to 0.01 L/s). The limits of agreement
were comparable in all maneuver-pair analyses.
Conclusions: Forceful expiratory maneuvers with or without a brief (o2 s) pause at TLC
produce comparable PEF values in test–retest sessions.
& 2006 Elsevier Ltd. All rights reserved.Elsevier Ltd. All rights reserved.
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Table 1 Subject characteristics (n ¼ 46).
Age (years) 34.678.5
Gender
Male 23 (50)
Female 23 (50)
FVC (% pred) 95.5712.3
FEV1 (% pred) 95.4712.6
FEV1/FVC ratio 81.5174.6
Values are given as the mean7SD or no. (%).
C. Mandros et al.934Introduction
Peak expiratory flow (PEF) is the maximal flow that can be
measured after a forceful expiration from total lung
capacity (TLC); it is a useful parameter to monitor airway
obstruction, assess its severity and variation and evaluate
the effects of treatment.1 In epidemiological and occupa-
tional studies, serial monitoring of PEF is frequently used to
establish a causal relationship of exposure to an irritant and
airway obstruction or to identify potential triggering
exposures associated with respiratory symptoms.2,3 How-
ever, PEF monitoring in these settings is problematic
because of interference by various factors, with individual
PEF variability being the most notable.3
A variable patient measurement technique has been
recognized as a potential factor that can confound self-
recorded PEF measurements. In clinical settings where
patients recorded serial measurements of PEF, Gannon et
al.4 reported significant inaccuracies in unobserved PEF
readings which were reduced following patient retraining in
the technique. Although inconsistent patient effort appears
to be a likely explanation of these inaccuracies,4 variable
PEF measurements can also occur when individuals despite
optimal efforts employ different expiratory maneuvers.
Specifically, as shown by recent studies,5–7 the type of
maneuver used to measure PEF may affect the magnitude of
PEF measured and therefore increase its variability. Ex-
piratory maneuvers with lengthy pauses (i.e. 44 s) at TLC
prior to expiration produce lower PEF values than expiratory
maneuvers including no pause at TLC.5,7 This PEF depen-
dence on maneuver type is primarily related to changes in
the elastic lung recoil and is more pronounced in patients
with obstructive airway disease than in healthy volun-
teers.5–8
In a recent study,9 we found that maneuvers with brief
(o2 s) post-inspiratory pauses used by healthy volunteers in
a given test-session produced similar PEF with maneuvers
without pause. In the present study, we examined the
extent to which similar maneuvers produce reproducible
PEF when used by healthy volunteers on two different
occasions. To this end, we standardized the forced ex-
piratory maneuver by using either a predetermined brief
(o2 s) pause or no pause prior to forced expiration, and
assessed the between-test session reproducibility of PEF in a
group of normal volunteers. On the basis of our previous
study, we expected that the two types of maneuvers would
produce similar PEF values and would not affect the
between-test session reproducibility of PEF.Methods
Forty-six healthy volunteers (age 34.678.5; 23 men, Table
1) participated in the study. All subjects were non-smokers,
had normal spirometry and no history of asthma, allergic
rhinitis, cough, or recent respiratory infection; and were not
taking medications during the study. The subjects were
naı¨ve to the purpose of the study. The research was
approved by the institutional Ethics Committee, and verbal
informed consent was obtained from all subjects.
Respiratory flow was measured with an unheated pneu-
motachograph (model 3813, Hans Rudolph, Kansas City, MO)that was linear up to 13.6 L/s and a differential pressure
transducer (MP-45, 72 cm H2O; Validyne, Northridge, CA).
Volume was obtained by digitally integrating (PowerLab,
ADInstruments, Australia) the flow signal. A 3 l syringe was
used to calibrate the volume signal at different flow rates
and the calibration was checked daily prior to measure-
ments. Flow and volume signals were sampled on line
(PowerLab, ADInstruments, Australia) and recorded on a
computer disk for later analysis.
The subjects were tested at the same time of the day in
two test sessions, approximately 2–3 weeks apart. All forced
expiratory maneuvers were performed with the closed
circuit method, i.e., the mouthpiece was already in place
prior to full inhalation to TLC. In each test session, they
performed a series of forced expirations, using two different
maneuvers. For the maneuver with no-pause (NP), the
subjects inhaled rapidly to TLC and immediately performed
the forced expiration, whereas for the maneuver with a
post-inspiratory pause (P) they inhaled rapidly to TLC and
after a brief pause (about two sec) performed the forceful
expiration. All subjects were instructed to exhale as fast and
as hard as possible, focusing on the initial split seconds of
expiration. The neck was kept in a neutral position in order
to reduce PEF variability related to tracheal shape.10 All
subjects initially practiced both expiratory maneuvers.
Following familiarization with the maneuvers, they then
performed four technically acceptable forced expirations
with each type of maneuver in an alternate fashion. Ample
time was allowed for rest between trials. For each session,
trials with the highest PEF were chosen for analysis.
Data are presented as mean7SD. A paired t-test was used
to compare the inter-maneuver differences in PEF. Maneuver
reproducibility was analyzed with the Bland and Altman
method11 in which agreement between two maneuvers was
expressed in a plot showing the differences between
maneuvers plotted against the mean of the two. All
statistical analyses were performed with the Medcalc
software program (MedCalc Software, Belgium).Results
Typical flow and volume tracings recorded with the two
different types of maneuvers are shown in Fig. 1. The
maximal inspiratory flow measured during inspiration pre-
ceding forceful expiration was similar for the two types of
maneuvers (Table 2), in both test sessions. Twenty-three out
of the 46 (50%) subjects attained maximal PEF with the same
maneuver in both sessions, whereas the remaining 23 (50%)
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Inter-session reproducibility of PEF with standardized expiratory flow 935subjects achieved maximal PEF with either maneuver. In
between-test session comparisons, there were no differ-
ences in the maximal PEF obtained with the P or the NP
maneuvers. Also inter-maneuver comparisons showed no
differences in the maximal PEF between the two sessions
(Table 2).
Figure 2 shows the Bland–Altman analysis of the inter-test
reproducibility of the PEF obtained with the two types of
maneuvers. For the P maneuver, the bias was 0.02 L/s with
the 95% CI from 0.15 to 0.19 L/s; the lower and upper 95%
limits of agreement were 1.12 and 1.16 L/s, respectively.
For the NP maneuver, the bias was 0.17 L/s with the 95% CI
from 0.36 to 0.02 L/s; the lower and upper 95% limits of
agreement were 1.45 and 1.10 L/s, respectively.
An inter-maneuver Bland–Altman analysis of the be-
tween-test session reproducibility of PEF is shown in Fig.
3. For the P1-NP2 pair, the bias was 0.15 L/s with the lower
and upper limits of agreement being 1.39 and 1.06 L/s,
respectively. For the NP1-P2 pair, the bias was 0.01 L/s,
with the lower and upper 95% limits of agreement being
1.41 and 1.38 L/s, respectively.Table 2 Spirometric data obtained with the two different typ
Test session 1
P1 NP1
PEF (L/s)
Best 7.9671.7 7.8971.6
Average 7.5271.6 7.5471.5
Pause (s) 1.7770.35
Vi (L/s) 4.4771.8 4.9271.7
FEV1 (L) 3.3070.6 3.3270.7
FVC (L) 3.9970.9 4.1271.0
Data are in M7SD.
P1, P2 ¼ maneuver with a brief pause at TLC; NP1, NP2 ¼ maneuver
Figure 1 Representative flow and volume tracings obtained
with the two different types of maneuvers. Note that with the P
maneuver there is about a 2-s pause at TLC prior to forceful
expiration, whereas with the NP maneuver there is no post-
inspiratory pause. NP ¼ maneuver without a pause at TLC,
P ¼ maneuver with a brief pause at TLC.Discussion
In this study, we found that forceful expiratory maneuvers
with or without a brief post-inspiratory pause of o2 s
produce similar PEF values in a test–retest setting.
The difference between the two maneuvers was only in
the duration of post-inspiratory pause. The speed of
inspiration was comparable between the two types of
maneuvers in both test sessions. Analysis of the PEF data
with the Bland–Altman method showed that the two types of
maneuvers produced comparable PEF values. The within-es of maneuvers.
Test session 2 P value
P2 NP2
7.9871.7 8.1571.7 NS
7.4971.6 7.7271.6 NS
1.7170.31 NS
4.6671.7 4.8971.6 NS
3.2170.6 3.2870.7 NS
3.8770.8 3.9570.8 NS
without pause at TLC; Vi ¼ inspiratory flow.
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Figure 2 Bland–Altman analyses plotting the mean of PEF
measurements obtained with the same maneuver (P or NP) in
two different test sessions (1 and 2) against the difference of
these measurements. NP ¼ maneuver without a pause at TLC,
P ¼ maneuver with a brief pause at TLC.
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Figure 3 Bland–Altman plot of the mean of PEF measurements
obtained with two different maneuvers (P or NP) in two
different test sessions (1 and 2) against the difference of these
measurements. NP ¼ maneuver without a pause at TLC,
P ¼ maneuver with a brief pause at TLC.
C. Mandros et al.936maneuver inter-session analysis (Fig. 2) showed that neither
maneuver systematically biased the measured PEF values,
with the mean values being in a small range (range
0.02–0.17 L/s). Likewise, between-maneuver inter-session
analysis showed that the two maneuvers produced similar
PEF values (Fig. 3) and absence of a systematic bias.
Actually in both analyses, the mean bias was relatively less
than 10% of the maximal PEF.12 This indicates that the two
types of maneuvers can be employed inter-changeably for
measuring PEF on different occasions.
Despite absence of a maneuver-related systematic bias,
the overall inter-test reproducibility of PEF was poor. This is
reflected in the large limits of agreement calculated for
each maneuver. In this regard, our data are in agreement
with previous studies 12–14 showing poor between-test
session reproducibility for the PEF. Our findings also expand
upon previous studies by showing that standardization of
forced expiratory maneuvers does not appreciably reduce
the between-session reproducibility of PEF. Although cali-
bration errors may account for a small portion of PEF
variability,15 the greatest source of week-to-week variability
in healthy volunteers appears to be related to biological
variability. This refers to circadian changes in airway
resistance, heightened non-specific airway hyper-respon-
siveness, or differences in parasympathetic tone.16 The
biological variability of PEF limits its utility and effective
application in clinical settings.In general, PEF is dependent on the elastic recoil pressure
of the lung, lung volume, and muscular effort.17 In normal
volunteers, PEF is limited by a flow limiting mechanism and
not by the velocity of expiratory muscle contraction.18–20
Recent studies have shown that the speed of inspiration
prior to forced expiration and duration of pause at TLC may
influence the magnitude of PEF and contribute to its
variability. Specifically, in most individuals, a fast inspiration
with no pause at TLC produces greater PEF than slow
inspirations and several second pauses at TLC.5–7,21 The
underlying mechanism appears to be related to a greater
change in the elastic recoil of the lung induced by fast
inspirations.5–7 In addition, fast inspirations may also
increase the expiratory muscle pressure during the ensuing
expiration through the stretch–shorten cycle. The expira-
tory muscles, with fast inspirations, are actively stretched
(eccentric contraction) and are then shortened during the
subsequent (concentric) contraction. The transition from an
eccentric to a concentric contraction can augment respira-
tory muscle force output in a manner similar to that
described in peripheral muscles.6,22–25 In contrast, a
breath-hold at TLC neutralizes the effect of fast inspiration
on the effective elastic recoil pressure; it allows stress
relaxation in both the airway wall and lung parenchyma to
occur and thus increases the airway compliance and
decreases the effective lung elastic recoil pressure.5,8,26
Long post-inspiratory pauses at TLC may also offset the
augmentation of expiratory muscle force related to stretch-
shorten cycle.9,27
With pauses of about 4–6 s at TLC, the decreases in PEF
may range from 6 to 13% in the healthy volunteers.5,7,23 The
decrement in PEF appears to be greater when the preceding
inspiration is slow. In certain patients, particularly COPD or
cystic fibrosis, the difference in PEF and other spirometric
parameters can be much greater, probably reflecting the
time-constant inequalities within the lungs.8,26 All these
studies suggest that if the forced expiratory maneuver is not
standardized, there will be an additional measurement error
related to differences in performance of expiratory man-
euver, in the range of 10%. Theoretically, this error could
confound interpretation of serial measurements of PEF in
occupational or epidemiological studies.
To minimize the intra-test session variability of PEF,
standardization of the expiratory maneuver has been
proposed.5,7,8,26 In its most recent update on standardiza-
tion of spirometry, the ATS/ERS task force recommended no
post-inspiratory pause at TLC prior to forced expiration.28
However, in occupational and epidemiological studies in
which a peak flow meter is most often used, the expiratory
maneuver favors relatively long and, likely, variable delays
at TLC prior to forced expiration.29 This is because the
mouthpiece is placed into the mouth only after a full
inhalation to TLC. The extent to which standardization of
the post-inspiratory pause in these settings will decrease
inter-test variability of PEF and improve accuracy of
measurements remains to be shown. It should also be noted
that the present data apply to healthy volunteers tested in a
highly supervised setting and not to patients with abnormal
lung function. In patients with COPD, for example, these
two different types of maneuvers produce greater differ-
ences in PEF due to visco-elastic properties and time-
constant inequality within the lungs.26
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Inter-session reproducibility of PEF with standardized expiratory flow 937In conclusion, our data suggest that expiratory maneuvers
with or without a brief (o2 s) pause at TLC prior to forced
expiration produce comparable PEF in test–retest sessions.
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